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Back to supernova neutrino 
oscillations: a few FAQs

What kind of physics is involved?

Do you really need theorists for this?

Why should I worry about this now if the SN 2027 is 
more than a decade away?

Why should this be part of the science case for LBNE?

Turbulence is messy. Can it be treated robustly?

Do you really need 3 flavor multi-angle calculations? 

Why should I trust your codes?
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What kind of physics is involved?

Relevant physical processes (a cartoon)

ν-sphere Collective

turbulence

“regular MSW”

νe νμ ντ

νe νμ ντ_ _ _ front shock

SN neutrinos are MUCH trickier 
than solar, atm., reactor neutrinos
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This is where many branches 
of physics converge

Astrophysics, broadly defined

Plasma physics, turbulence, etc

Many-body physics

Particle physics

Nuclear physics

E.g., nucleosynthesis

Numerical modeling

Friday, July 22, 2011



Why now?

A priori, oscillations can impact

Nucleosynthesis

Explosion (?)

Signal observed in terrestrial detectors

Our understanding of the expected signal may inform 
detector design

People are used to thinking about supernova neutrinos 
as something that can always wait.  

Prime example: LBNE. Characteristics of the LBNE 
detectors are will be decided very soon.

Fermil
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Shouldn’t LBNE have a 
simple science case?

LBNE

Measure the delta 
angle (CP violation)

LHC:

Snapshot taken this morning from 
http://www.uslhc.us/LHC_Science

Which do you think will capture peoples’ 
imagination?
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Let’s try again
LBNE:

CP violation

Precision tests of neutrino-matter interactions

TeV-scale BSM physics

New weakly interacting particles

Peering inside an exploding star

Origin of heavy elements in the Universe

Neutrino oscillations in the regime inaccessible on Earth

Matter at nuclear densities

....

Sounds more interesting to me, even 
without “Einstein’s dream”, etc
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More complications: 3D 
simulations show turbulence
3d simulations of the accretion 
shock instability Blondin, 
Mezzacappa, & DeMarino 
(2002)

See http://www.phy.ornl.gov/
tsi/pages/simulations.html

No central heating. Still,

extensive, well-developed 
turbulence behind the shock
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More 3D simulations

beautiful simulation from 
the web page of 
K.Kifonidis                         
http://www.mpa-
garching.mpg.de/~kok/

Neutrino flavor 
transformations happen 
in the dynamically 
changing profile of the 
expanding shock and 
turbulence
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Turbulence and MSW
The level-jumping probability now depends on 
fluctuations

relevant scales are small, O(10 km)

take large-scale fluctuations from simulations, scale 
down with a Kolmogorov-like power law 

contributions of different scales to the level-jumping 
probability are given by the following spectral integral 

P � GF√
2n�

0

�
dkC(k)G

�
k

2∆ sin 2θ

�
, G(p) � Θ(p− 1)

p
�

p2 − 1
.

for details, see Friedland & Gruzinov, astro-ph/0607244
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To gain some intuition, consider spin representation

• Like any two-state QM system, the 
neutrino flavor state can be thought of as a 
spin. We can depict its evolution by 
showing the trajectory of the expectation 
value of the spin,              ,  on a sphere

• The oscillation Hamiltonian acts as an 
external magnetic field. The matter 
potential changes the z-component of the 
field. 

• In the adiabatic case, the spin follows the 
changing “magnetic field”.

νe

νµ�

�ν|�σ|ν�

Hvac

H⊙

H(r) =
∆m

2
mat

2Eν

�
− cos 2θmat sin 2θmat

sin 2θmat cos 2θmat

�
= �H(r) · �σ
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Turbulence makes neutrinos 
diffuse in the flavor space

Need to estimate the rate of diffusion

Given large-scale fluctuations in published 
simulations (order 1), completely depolarized regime 

ρfinal →
�
1/2 0
0 1/2

�
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Observable effect

• To achieve complete 

depolarization, density 

fluctuations on large scales 

need to satisfy

• Simulations show order one 

fluctuations  criterion 

satisfied and by a large margin

δρr

ρr
� 0.1θ1/3

13
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Details in A.F., A. Gruzinov, 

astro-ph/0607244

We are

here
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Collective motions in action

Here is the evolution of 
the collective mode as 
a function of radius in 
one of our 2-flavor 
(single-angle) 
calculations
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Different regimes
For some initial spectra, 
multiple spectral splits

For other conditions, only low-
energy split features

This can be potentially very 
significant: high energy 
features easily observable

If we understand the phase 
diagram, we can read a lot 
about the fluxes in all flavors 
from the signal
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Collective oscillations of supernova neutrinos swap the spectra fνe
(E) and fν̄e

(E) with those of
another flavor in certain energy intervals bounded by sharp spectral splits. This phenomenon is far
more general than previously appreciated: typically one finds one or more swaps and accompanying
splits in the ν and ν̄ channels for both inverted and normal neutrino mass hierarchies. Depending
on an instability condition, swaps develop around spectral crossings (energies where fνe

= fνx
,

fν̄e
= fν̄x

as well as E → ∞ where all fluxes vanish), and the widths of swaps are determined by
the spectra and fluxes. Wash-out by multi-angle decoherence varies across the spectrum and splits
can survive as sharp spectral features.

PACS numbers: 14.60.Pq, 97.60.Bw

Introduction.—The neutrino flux from a core-collapse
supernova (SN) is a powerful probe of particle physics
and astrophysics [1]. SN neutrinos interact not only with
the stellar medium, producing the Mikheyev-Smirnov-
Wolfenstein (MSW) flavor conversion, but also with other
neutrinos and antineutrinos. The latter interactions
modify the flavor evolution in a non-linear fashion and
give rise to collective forms of oscillation [2, 3, 4, 5, 6, 7],
a subject of intense recent investigation [8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31].

The most important observational consequence of the
collective effects is an exchange of the νe (ν̄e) spec-
trum with the νx (ν̄x) spectrum in certain energy inter-
vals. We call such a flavor exchange a “swap”, whereas
“splits” are sharp boundary features at the edges of each
swap interval. Spectral splits may become observable in
the high-statistics neutrino signal from the next galac-
tic SN, leading to valuable clues about the underlying
physics [19, 23, 26].

The well-understood “classic swap” covers the entire
ν̄ spectrum and that of ν above an energy fixed by the
approximate conservation of the νe deleptonization flux
[16, 17, 18]. In this paper we show that spectral swaps
and concomitant splits are more ubiquitous than has
been appreciated in the past. One example is the puz-
zling low-energy split in the ν̄ spectrum that was noted
for the inverted neutrino mass hierarchy [20, 21]. How-
ever, with flavor spectra typical for SN neutrinos one
should expect multiple splits in either hierarchy.

We focus on neutrino-neutrino interactions alone and
study two-flavor oscillations driven by the atmospheric
mass difference and 1–3 mixing. As has been established
before [14], the usual matter effect in the region of collec-
tive oscillations (up to a few 100 km) can be accounted for
by choosing a small (matter suppressed) effective mixing
angle which we take to be θeff = 10−5. MSW conver-

Antineutrinos

IH

Neutrinos

IH

0 10 20 30 40

Energy [MeV]

NH

0 10 20 30 40 50

Energy [MeV]

NH

FIG. 1: SN neutrino spectra before (dashed lines) and after
(solid lines) collective oscillations, but before possible MSW
conversions. The panels are for ν and ν̄, each time for IH and
NH. Red lines e–flavor, blue x–flavor. Shaded regions mark
swap intervals.

sions occur typically at larger distances. Their effects
then factorize and can be included separately [24].

Spectral crossings and spectral swaps.—Consider first
the SN cooling phase where plausible choices are [32]
Fνe

: Fν̄e
: Fνx

= 0.85 : 0.75 : 1.00 for the neutrino
fluxes, Ēνe

= 12, Ēν̄e
= 15 and Ēνx

= Ēν̄x
= 18 MeV

for the average energies, and fν(E) ∝ E3e−4E/Ē for the
spectral shape. Based on the single-angle approximation
for neutrino propagation [11, 14, 20, 28], Fig. 1 shows the
flavor spectra before and after collective oscillations. For
the inverted mass hierarchy (IH) we find a swap for both
ν and ν̄ and thus a total of four splits. For the normal
hierarchy (NH) the swaps extend to infinite E, providing
one split in the ν and ν̄ spectrum each.

Flavor oscillations leave fνe
(E) + fνx

(E) unchanged,

Fig. from Dasgupta, Dighe, Raffelt, Smirnov,  
arXiv:0904.3542 [hep-ph] -> PRL (2009)
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3-flavor effects
adding solar Δm⊙

2 can 
drastically change the 
evolutions

At first glance, this result is 
extremely weird:

At Δm⊙
2=0, 2-flavor result 

is reproduced

As soon as Δm⊙
2≠0, the 

answer is closer to the 
realistic Δm⊙

2 than to 
Δm⊙

2=0

3
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FIG. 2: Investigating the role of the solar mass splitting, by
decreasing it, on the neutrino spectra at 1000 km.

For the matter profile at r ∼ 100 − 1000 km we assume
a neutrino driven wind with ρ = ρ0(10 km/r)3. We take
ρ0 = 2× 106 g/cm−3, and Ye = 0.5.

Our three-flavor calculation is carried out with the fol-
lowing parameters: ∆m2

atm = −2.7× 10−3 eV2 (inverted
mass hierarchy), ∆m2

⊙ = 7.7×10−5 eV2, θ13 = 0.01, and
sin2 θ12 = 0.31. In the two-flavor calculation, we set the
solar mixing angle θ12 to zero and drop the state that
in vacuum is separated from the predominately νe (ν̄e)
state by the solar splitting.

We perform a multi-energy, single-angle calculations of
the evolution, starting at 40 km and ending at 1000 km.

4. Results: comparison of two- and three-flavor runs. –
The resulting spectra at 1000 km are presented in Fig. 1.
The top panels show the two-flavor calculations, the bot-
tom ones, the corresponding three-flavor runs. The νe
spectra are on the left, and those for ν̄e are on the right.
The dashed and dotted curves show the corresponding
initial spectra (see legend). The animations showing the
complete evolution of the spectra as a function of the
distance from the center are available at [51].

The results of the two-flavor calculations appear to be
in very good agreement with the inverted hierarchy cal-
culations of [48]. Since we and [48] use similar initial
spectra, this agreement can be used to validate our code.

The important point is that the three-flavor calculation
results are significantly different: (i) the high-energy split
in the neutrino channel is gone; (ii) in the antineutrino
channel, the flavor swap probability is neither zero, nor
one, but increases gradually with neutrino energy.

5. Discussion. – Both of these results appear surpris-
ing. How can the presence of the solar splitting, which
is only ∼ 3% of the atmospheric splitting, completely re-
verse the effect of the latter at high energies? And what
explains the spectrum of the antineutrinos, which does
not follow either of the dashed curves (i.e., initial ν̄e or
ν̄x spectra)? While split spectra seem to be ubiquitous
in self-refraction calculations, the flavor swap probabil-

0 10 20 30 40 50 60
0

0.5

1.

1.5

neutrino energy �MeV�

Νe at 500 km, different �m�
2

initial Νx

initial Νe

�m�
2 �10�std. val.��m�
2 �5�std. val.��m�
2 ��std. val.�

FIG. 3: Investigating the role of the solar mass splitting, by
varying it, on the antineutrino spectra at 500 km.

ity is usually zero or one. Instead, we find a “mixed”
spectrum, which means the swap is incomplete.
First of all, we can rule out any important role of the

conventional MSW effect. The atmospheric level cross-
ing does occur here, but for the chosen parameters it is
strongly non-adiabatic (flavor preserving). Moreover, it
occurs when r � 600 km, by which point the neutrino
self-refraction effects have ceased. The small MSW ef-
fects are seen in the ν̄e channel as small wiggles.
As a next step, we can investigate what happens if

we artificially turn down the value of the solar splitting.
The results are shown in Fig. 2. These at first may be
even more surprising: when ∆m2

⊙ is exactly zero, the
two-flavor spectrum is reproduced, but as soon as it is
nonzero, even very small, the high-energy split disap-
pears. Since for ∆m2

⊙ = 7.7 × 10−7 eV2 (1% of its true
value) the corresponding oscillation length is 104 km –
much longer than the scales in the problem – one might
think the two-flavor limit should be reached. Instead, the
spectrum in this case is closer to the realistic three-flavor
one than to the two-flavor one.
To understand what is going on, let us consider the

evolution as a function of radius [49, 51]. Neutrinos,
initially in the flavor eigenstates, develop an instability
which leads to large collective oscillations. This insta-
bility is in fact well-known, first observed by Kostelecky
and Samuel in 1993 [27] and elaborated on recently in
[37] and [38]. The initial configuration is unstable, like
an inverted pendulum [27], in fact, in the simplest bi-
polar model [29, 30, 37] it is exactly like it [38]. What
is interesting in our case is that, shortly after the oscil-
lations develop between the “atmospheric” eigenstates,
the third state joins in. Just like the initial configuration
is unstable, the two-flavor trajectory is also unstable. A
small nonzero∆m2

⊙ is enough to displace the system from
the “two-flavor ridge” and let it run away into the three-
flavor space (driven primarily by ∆m2

atm). The outcome
of the oscillations there (the final resting point of the pen-

For details, see A. Friedland, Phys. Rev. Lett.104, 191102 (2010)
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3-flavor pattern of transitions
Eν < 6 MeV: 

no permulations

6 MeV < Eν < 10 MeV

ν1 →	 ν1, ν2 ⇆	 ν3,

10 MeV < Eν < 20 MeV

ν2 →	 ν3, ν3 →	 ν1, ν1 →	 ν2

Eν > 20 MeV

ν1 ⇆	 ν2, ν3 →	 ν3

For details, see A. Friedland, 
Phys. Rev. Lett.104, 191102 (2010)
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Lastly, single- vs. multi-angleStarting radius for oscillations -- single-angle code

� q = 3.5, Inverted Hierarchy, vary luminosity of Νx  (and Νx )
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Varying luminosity of the nonelectron flavors

Single-angle calculations
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This is dangerous!

Calculations of collective transformations assume the 
free-streaming regime

i.e., oscillations and collisions are separated

at the very least, results have to pass a consistency 
check

If oscillations start close to the neutrino-sphere, they 
could affect transport/decoupling

Implications for the SN transport paragidm?
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Multiangle suppression
Supernova models saved
From Duan & Friedland, Phys. Rev. Lett. 106, 091101 (2011)
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see Duan & Friedland, PRL (2011)

Complicated pattern in energy-emission angle space
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Multiangle problem

Multiangle calculations: 103 energy bins and 104 angle 
bins: some computing required!

R !

Fig. 8

E

EB

R

)

)

RES( E

RES( E

B

R

Figure from Qian & Fuller, astro-ph/9406073
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Impact on the r-process

Strategy:

Take the “usual” setup by the r-process people -- no 
special tunings or modifications

Compute collective oscillations starting with the 
“usual” late-time spectra [Keil, Janka, Raffelt (2003)]

See what happens

“Ridiculously simplistic model”

Duan, Friedland, McLaughlin, Surman, arXiv:1012.0532, 
J.Phys.G38:035201,2011.
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Need to be computed well

Where exactly the 
oscillations start and 
how they develop 
during the first 100 km 
is crucial for the r-
process 
nucleosynthesis

Figure 8: Shows final abundances Y versus mass number A for simulations with no neutrino oscilla-
tions (green) and single-angle (red) and full multiangle (blue) oscillation calculations, both assuming
an inverted heirarchy. Scaled solar abundances (crosses) and the results of a simulation with neutrino
interactions turned off at T9 ∼ 9 (yellow) are shown for comparison. All four simulations use the
late-type density profile with entropy s/k = 200 and initial timescale τ = 18 ms.

– 18 –
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Sensitive to emitted spectra

Details of the emitted 
spectra matter

As the collective 
oscillations go into 
different regimes, so 
do the yields
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Code validation?

Since the field crucially relies on the supercomputer 
codes, how do we validate the codes?

E.g., in cosmology people did N-body code 
comparison projects

Take codes by different people 

who haven’t seen each other’s codes

Run the same test problem 

Compare results without tweaking
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As I understand, this was how the original results were computed

Comparison between Huaiyu’s and Joe’s codes

Also, the Bari group wrote a multiangle code, and seemed to 
agree with Duan et al

I did some comparisons between my and Huaiyu’s code

Take codes by different people 

who haven’t seen each other’s codes

Run the same test problem 

Compare results without tweaking

✔

✔

✔

✔
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r = 140 km

Friday, July 22, 2011



r = 150 km
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r = 180 km
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r = 1000 km

YOU GET THE IDEA
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Onset depends on Lx, Le fluxes
implications for nucleosynthesis (see Huaiyu’s and Gail’s talks)
always suppressed at small r
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Detector simulations

Calculations by the SN burst working group

Kate Scholberg et al

WC LAr
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Summary

The physics of supernova neutrino oscillations is extremely rich, much 
more interesting than thought 10 years ago!

Collective modes, changing density profile, stochastic fluctuations ...

The ingredients are all known physics → not optional

“Neutrino-vision”: observing the explosion in real time

Neutrino parameters: hierarchy, theta_13

Matter at nuclear densities. r-process. Testing physics beyond SM

We are handing a gift to the LBNE community, they should embrace 
it, not be afraid of it ;-)
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